e efficiency of vector-valued intensity measures for predicting the seismic demand in gravity dams is investigated. e Folsom gravity dam-reservoir coupled system is selected and numerically analyzed under a set of two-hundred actual ground motions. First, the well-defined scalar IMs are separately investigated, and then they are coupled to form two-parameter vector IMs. After that, IMs consisting of spectral acceleration at the first-mode natural period of the dam-reservoir system along with a measure of the spectral shape (the ratio of spectral acceleration at a second period to the first-mode spectral acceleration value) are considered. It is attempted to determine the optimal second period by categorizing the spectral acceleration at the first-mode period of vibration. e efficiency of the proposed vector IMs is compared with scalar ones considering various structural responses as EDPs. Finally, the probabilistic seismic behavior of the dam is investigated by calculating its fragility curves employing scalar and vector IMs considering the effect of zero response values.
Introduction
In the approach of performance-based earthquake engineering (PBEE), the demand on a structure under a given earthquake should be properly estimated [1] . To do this, the intensity of earthquake ground motion is measured by an intensity measure (IM), and the resulted structural response demanded under the earthquake is evaluated using engineering demand parameter (EDP). en, the probability that earthquake will cause a prescribed level of demand in the structure is computed as a function of the defined IM. ese probabilistic predictions of EDPs as a function of IMs can be obtained by statistical analysis of the results of nonlinear dynamic analyses under a set of earthquake ground motions [2] [3] [4] [5] [6] . e robustness of the predictions is highly dependent on the selected IMs. Ground motion hazard models can be then combined with IM-EDP relations to compute the seismic reliability of structures [2] .
Traditional IMs often include single-valued (scalar) parameters such as peak ground motion values or spectral responses, but it has been shown that vector-valued IMs consisting of multiple parameters of earthquake intensity may lead to better estimation [7] [8] [9] [10] . A vector IM would contain more information about the ground motion than a scalar IM, and it has been shown that it is more effective in predicting the response of building frames and bridges [11] [12] [13] [14] [15] [16] [17] . Probabilistic seismic assessment of concrete dams using single-valued IMs has been well performed [18] [19] [20] [21] , but such study employing vector-valued IMs is very scarce.
When a single-valued IM is used, the mean annual rate of exceeding an EDP level such as edp and η EDP (edp) can be computed as
In this equation, η IM (im) is the mean annual rate of exceeding the IM level im, which is obtained using probabilistic seismic hazard analysis (PSHA) [22, 23] . P[EDP > edp|IM � im] is the probability of exceeding a specified EDP level of edp, conditioned on the IM level of im; this conditional probability distribution, called fragility, is employed in estimating the efficiency of the selected IMs [2] . η EDP (edp) is the direct measure of the seismic performance and reliability of a structure because it relates to the probability of experiencing the event EDP > edp within the future lifetime of the structure [4] . e estimation of (1) can be potentially improved by increasing the number of parameters in the IM. In this way, a more complete description of the properties of ground motions can be obtained [24, 25] . For example, if an EDP is potentially dependent on two ground motion parameters, IM 1 and IM 2 , then the annual rate of exceeding a specified EDP value of edp can be computed using the following modified version of the total probability theorem of (1) 
where dη IM1,IM2 (im 1 , im 2 ) is the joint mean annual frequency of the IM 1 and IM 2 values, g IM2�im2|IM1�im1 denotes the conditional probability density function of IM 2 given IM 1 , dim 2 is a small increment in IM 2 value, and dη IM1 (im 1 ) is the annual rate of IM 1 exceeding im 1 at the site being considered [4] . e terms g IM2�im2|IM1�im1 and dη IM1 (im 1 ) can be obtained through vector PSHA, or in some cases, with standard PSHA and disaggregation [9, 26] . In this paper, the application of vector-valued intensity measures for predicting the seismic demand in gravity dams is examined. For this purpose, Folsom gravity dam is selected as case study and numerically modeled along with its full reservoir using the finite element method in an Eulerian-Lagrangian approach. A set of proper earthquake records including two-hundred actual ground motions are employed. First, different well-established scalar IMs are separately investigated, and then they are coupled to form two-parameter vector IMs. Also, IMs consisting of two parameters of spectral acceleration at the first-mode natural period of the dam-reservoir system along with a measure of spectral shape (the ratio of spectral acceleration at a second period to the first-mode spectral acceleration value) are investigated. It is attempted to determine the optimal second period by categorizing the spectral acceleration at the firstmode period of vibration. e efficiency of the proposed vector IMs is compared with that of the scalar ones considering various structural responses as EDPs. Finally, the seismic performance of the dam is probabilistically investigated by calculating its fragility curves employing scalar and vector IMs to determine whether the various estimates of structural response are equivalent.
Single-and Vector-Valued Intensity Measures
ere are potential approaches to estimate the conditional distribution of EDPs for the given scalar and vector IMs [27] , but in the present study, the cloud method is briefly described and employed. is method is based on regression on response data from unscaled ground motions. Considering single-valued (scalar) IMs that contain only a single parameter, the nonlinear dynamic analysis of a structure is performed using a set of unscaled ground motion records.
e IM values of the selected records and the associated EDP values obtained from nonlinear dynamic analysis are usually plotted either on an arithmetic or logarithmic scale. is cloud of data is then regressed to compute the conditional mean and standard deviation of EDP given IM [2] . Scatter data points have usually linear trend in the logarithmic scale which implies their power relation in the arithmetic scale:
where λ EDP|IM is the mean value of EDP given IM, and α 1 and α 2 are constant coefficients. e IM-EDP relation is called seismic demand model. Taking logarithm on both sides of (4) results in
Two regression coefficients, lnα 1 and α 2 , can be estimated using linear least-squares regression [28] . However, the accuracy of the results depends on the validity of implicit assumptions of the linear least-squares method [7] . e prediction error for record j, which is called the regression residual, is computed as
where EDP j is the exact value of EDP under record j. ese residuals are assumed to be mutually independent; they by definition have a mean of zero. If they are assumed to be normally distributed with constant variance for entire IM range (this condition is termed homoscedasticity [7] ), then their standard deviation can be estimated as
where N is the number of records. e estimated s EDP|IM is denoted as dispersion of EDP given IM. In this paper, adopted scalar IMs are strong motion duration T D , peak ground motion parameters (PGA, PGV, and PGD), and 5% damping spectral responses S a (T 1 ), S a (T 2 ), S v (T 1 ), and S d (T 1 ), where T 1 and T 2 are the first-and second-mode natural period of the dam-reservoir system. e vector-valued IMs can increase the estimation efficiency. Considering additional IM terms results in further explanation of a ground motion's effect on a structure so that the remaining unexplained statistical variability in EDP will be reduced [7] . is means that fewer nonlinear dynamic analyses will be needed to characterize the relationship between the EDP and the IM. Multiple linear regression analysis [28] can be performed on the cloud data with vector-valued IMs. Assuming a vector IM with two elements of IM 1 and IM 2 , a linear functional form, after logarithmic transformation, can be again used to model the relationship between the mean value of EDP, λ EDP|IM1,IM2 , and IMs
where lnα 1 , α 2 , and α 3 are estimated coefficients obtained using multiple linear regression. e dispersion of EDP values given IM 1 and IM 2 , s EDP|IM1,IM2 , can be then computed as
is method can be easily generalized to accommodate more IM parameters by simply adding additional terms to (8) . Although there are some challenges with this method such as potentially high correlation between adopted IMs, more extrapolations, and interaction between IM parameters, the estimates of mean and standard deviation are obtained using low number of analyses as compared to other estimation methods. So, this method has been extensively used for several investigations using vector-valued IMs [24, 29, 30] .
In this study, the size of the vector IMs is limited to two parameters containing all possible dual combinations of the adopted scalar IMs. Also, a specific class of candidates is considered as potential vector IMs containing S a (T 1 ), which will be verified as an effective predictor of structural response for gravity dams, and a predictor Ψ 1,n � S a (T n )/S a (T 1 ), which is a measure of spectral shape [2] . ese parameters define two points on the acceleration spectrum of a ground motion. T n is a second arbitrary period that can vary such that the value that optimally predicts the dam response is determined.
e spectral shape predictor Ψ 1,n has been shown to be a useful predictor of structural response [31, 32] . It should be noted that the same procedure is easily applicable to vectors of a larger size.
Choosing an optimal IM is based on the criteria of efficiency (small variability of EDP for records with the same IM value), sufficiency, and ease of calculation. e adopted scalar and vector IMs are easy to calculate and familiar to many engineers. e sufficiency of the scalar IMs has been investigated elsewhere [33] , and the addition of a second element will not render the IM insufficient [2, 7] . So in this study, the efficiency criterion is the main point. e efficiency is measured by dispersion coefficients computed from (7) and (9) . e accuracy of the regression estimate using both scalar and vector IMs is increased by decreasing the standard deviation of the regression residuals or dispersion [7] . It has been shown that vectorvalued IMs can achieve significant gains in efficiency for building-and bridge-type structures [2, 25, 29, 34] ; hence, this approach can reduce the number of dynamic analyses that must be performed to assess the structure's performance for a specific accuracy level.
Probabilistic Seismic Assessment
When a scalar IM is used, if ln(EDP|IM) is assumed to have a Gaussian distribution, then the estimated conditional probability of exceeding an EDP level edp given IM � im is computed as [2] 
where Φ(·) is the cumulative distribution function of the standard Gaussian distribution. By plotting P[EDP > edp|IM � im] against various IM levels, the fragility curve is obtained. is prediction requires that the relationship between EDP and IM to be linear with constant variance after logarithmic transformation.
is restriction may be appropriate only over a limited range of IM levels, but its advantage is reduced computational cost of the estimation and closed-form analytical solution for (1) and (2) [ [35] [36] [37] [38] .
Until now, it was assumed that EDP given IM has a lognormal distribution. However, it should be noted that the structural response of the dam may be zero under some earthquake ground motions. It is the case, for example, for the tensile damage imposed to the dam body. ese zero quantities then have infinite logarithm, and they alter the estimation. So, to properly address this issue in computing the conditional probabilities, first it is required to account the probability of zero response (ZR) parameters, through the following equation, in terms of the considered IM in the main prediction equation [16] :
where λ ZR|IM and s ZR|IM are the mean and standard deviation of IM values corresponding to zero response parameters, respectively. Now, the modified conditional probability is given by combining the two probabilities [2] :
where λ and s are sample mean and standard deviation, respectively, of the nonzero response values. e same procedure can be employed for computing fragility curves when the vector IMs are used. Assuming that ln(EDP|IM 1 , IM 2 ) is normally distributed with the standard deviation of s EDP|IM1,IM2 , the probability of exceeding the EDP level edp given IM � <IM 1 , IM 2 > and nonzero response (NZR) values, is
is equation is similar to (10) used in the scalar case. e effect of zero response values may be taken into account same as that described in (11) and (12).
Dam Model and Ground Motion Selection
e nonoverflow monolith of Folsom gravity dam is chosen for the purpose of analysis. It is a well-shaped gravity dam that has been extensively studied in literature [39] [40] [41] [42] . e Advances in Civil Engineeringdam is two-dimensionally modeled in a plane-stress manner along with its full reservoir utilizing the finite element method, as shown in Figure 1 ; the water-structure dynamic interaction is considered employing Eulerian-Lagrangian formulation. e foundation is assumed rigid. e reservoir length is considered to be five times the dam height, and nonreflecting boundary condition is assigned to its truncated far-end [43] . e mesh has been sufficiently refined such that it properly detects the nonlinear response of the dam body. e nonlinear behavior of mass concrete in tension is modeled using the plastic-damage method as described in [44] . e stiffness degradation of mass concrete in tension, beyond its tensile strength (f t ), is determined defining a tensile damage parameter (d t ) which is assumed to be function of the plastic strains.
is parameter can vary from zero, representing the undamaged material, to one, which represents the total loss of strength.
e considered constitutive behavior of mass concrete in this study is illustrated in Figure 2 . e behavior of mass concrete in compression is assumed linear. e material properties are tabulated in Table 1 . ey are assumed the same during static and dynamic analysis.
e EDPs are the outcome of the nonlinear seismic finite element analysis of the dam-reservoir system. e adopted EDPs are crest maximum relative displacement (Δ c ), in cm, and two dimensionless local damage indices, DI, from (14) , which are separately calculated for the base and neck areas; they are the most susceptible areas to cracking [39] . ese areas are shown in Figure 1 
where dA e|i is the differential area of element e in area i. e summation is done on the entire area i and shows the amount of damage that the dam may locally experience. DI i varies between zero, showing no element cracks, and one indicating that all elements fully crack. Another EDP is defined as the energy dissipated through cracking damage process, E D , in MJ, which can be considered as a global measure of damage imposed to the dam body. Two-hundred historical earthquake ground motions are used in the probabilistic analysis to investigate the effects of earthquake characteristics like intensity, frequency content, and strong motion duration on the gravity dam's structural demands. is high number of records would lead to statistically meaningful response results. All of the records are extracted from the PEER strong motion database [45], [46] . Gravity dams are normally constructed on such grounds. It has been attempted to avoid directivity effects by choosing records without near-fault and pulse-like characteristics. e distribution of the selected ground motions in M-R plane, shown in Figure 3 , indicates no statistical relationship between M and R. e acceleration response spectra of all 200 selected earthquake records are depicted in Figure 4 . e dam is loaded statistically under the self-weight and the hydrostatic pressure of the full reservoir before dynamic analysis under the selected earthquake ground motions. e Rayleigh damping is employed that produces 5% critical damping in the first and third vibration modes of the coupled dam-reservoir system.
Prediction of Dam Responses
In this section, the prediction potential of the adopted IMs for various EDPs is investigated by assessing the dispersion of IM-EDP pairs considering both scalar and vector IMs; the optimal pair with the lowest dispersion is identified. Figure 5 versus S a (T 1 ) and PGD as scalar IMs in logarithmic scale. Also shown are the normal distribution fits of the cloud data points in the logarithmic scale. As it is observed, selecting scalar IM as S a (T 1 ) and PGD results in small and large residual standard deviation, respectively, which shows high and low efficiency. So, the trend in the cloud data can be clearly estimated more accurately using the S a (T 1 ) as a single-valued IM. e calculated dispersion and goodness of fitting (R 2 ) values for all possible IM-EDP pairs are tabulated in Table 2 . From this table, the lowest variability belongs to Δ c when it is coupled with various scalar IMs; DI neck shows almost the highest variability. e strong motion duration, T D , produces the largest dispersion values which shows its inefficiency in estimating the seismic demand of the dam structure, but S a (T 1 ) as IM has the lowest dispersion when it is considered with various EDPs. e highest R 2 values also belong to the pairs with S a (T 1 ) as scalar IM.
Single-Valued
It was concluded that S a (T 1 ) is the best predictor among the other scalar IMs. For the 200 selected earthquake records, S a (T 1 ) varies between 0.017 g and 1.110 g. In this wide range, the dam may behave completely linear to highly nonlinear. To better assess its performance, the earthquake records are divided into four groups with the following S a (T 1 ) ranges: (1) 0.0-0.2 g, (2) 0.2-0.4 g, (3) 0.4-0.6 g, and (4) more than 0.6 g. It is noteworthy that, in the first range, that is, 0.0 < S a (T 1 ) < 0.2 g, the dam responds completely linear or very slightly nonlinear without any cracking in the neck area. For S a (T 1 ) between 0.2 and 0.4 g, the dam behaves moderately nonlinear, some records cause cracking in the neck area. In the third range, the nonlinear behavior extends, but when S a (T 1 ) is more than 0.6 g, that is, in the fourth range, the dam shows severe nonlinear response such that all records cause neck cracking.
e dispersion values are recomputed considering these new ranges of S a (T 1 ), the results are shown in Table 3 . e number of records that causes nonzero EDP values in each S a (T 1 ) group is also reported in this table. e last column of the table shows the dispersion values considering all of the earthquake records. For Δ c as EDP, this grouping reduces the dispersion to very small values when the dam behaves linearly to moderately nonlinear, that is, in the first and second group. But it increases the dispersion when the dam responds highly nonlinear in the third and fourth group. However, the opposite trend is observed for the other EDPs that are directly related to the nonlinear response. In these cases, the dispersion decreases for higher S a (T 1 ) levels where the dam behaves completely nonlinear. For examples, the dispersion Advances in Civil Engineeringis decreased about 56%, 32%, and 22% for DI base , DI neck , and E D , respectively, in the fourth range as compared with the entire range. So, it is concluded that considering the earthquake records which are actually in (or are scaled to) the specific levels of S a (T 1 ) could result in lower dispersion and higher prediction potential for the gravity dam structural behavior.
Vector-Valued IMs.
To investigate the vector IMs, first suppose that EDP is Δ c . e multiple linear regression of Figure 5 (a), it is observed that both regression formulas are approximately the same, with PGA contributing to low correlation coefficient of 0.111 which results in only 2% reduction in the dispersion. Choosing IM � <S a (T 1 ), PGD> leads to Table 2 , PGD has low-efficient relation with Δ c as EDP (s Δ c |PGD � 0.594), so it is observed that when one term of the vector IM has very lower correlation with EDP with respect to another term, it essentially contributes with very low coefficient in the multiple linear regression formula, and the resulted dispersion and R 2 values will not be substantially affected. Considering IM � <PGA, PGD> would result in ln(λ Δ c |PGA,PGD ) � 2.29 + 0.814 ln(PGA) + 0.173 ln(PGD) (R 2 � 0.62, s Δ c |PGA,PGD � 0.443), so the weight of PGD is increased as the correlation of the first term, now PGA, with the selected EDP reduces.
e dispersion values for the vector IMs consisting of all dual combinations of the scalar IMs are reported in Table 4 coupled with EDP � Δ c and E D , and in Table 5 coupled with EDP � DI base and DI neck .
e above explanations can be again observed in these tables. erefore, it is concluded that the relative efficiency of the elements of a vector IM is a key point in their effects on the regression analysis. From Tables 4 and 5 , it is observed that direct combination of scalar IMs to produce vector IMs can partly decrease the dispersion and increase the efficiency of the prediction model as compared to that obtained from more efficient component of the vector IM. e lowest dispersion belongs to vector IM � <S a (T 1 ), PGA>, coupled with Δ c , with the value of 0.198 that shows about 2% reduction with respect to scalar IM � S a (T 1 ).
In the next step, the specific class of the vector IMs composed of S a (T 1 ), which was verified as an efficient predictor of dam responses, and Ψ 1,n � S a (T n )/S a (T 1 ), where T n is a second arbitrary period, is considered. e regression results are normalized to compute the fractional reduction in dispersion relative to that one obtained from the scalar IM � S a (T 1 ). If the fractional reduction is zero, then no efficiency is gained by including the given Ψ 1,n . e optimal T n that has the largest fractional reduction among all possible T n values is the best choice that reduces the randomness [7] . A plot of the fractional reduction in dispersion is shown in Figure 7 for various EDPs. Also shown is the range of first (T 1 ) to fifth (T 5 ) natural periods of the dam-reservoir system. From this figure, the optimal T n value is different for various EDPs, but it is located near or between T 1 and T 5 range. e maximum fractional reduction in dispersion for Δ c is as low as about 6%, while the reduction of 18% can be obtained for DI neck . Because the gravity dams are essentially first-mode [39] , the dispersion reduction is low with respect to those obtained for building frames [7] . e standard errors of estimation can be compared as [7] 
where N scalar and N vector are the number of records used in the analysis taking into account the scalar and vector IMs, respectively. So, by 18% reduction in dispersion (s vector � 0.82 s scalar ), it is obtained that N vector � 0.67 N scalar . It means that, by adopting more efficient vector-valued IMs, the number of required records can be potentially reduced about 33%; however, they still maintain the same accuracy in the estimate of the mean response of the dam-reservoir system. is can lead to high reduction in computational cost.
To investigate the effects of S a (T 1 ) level on the obtained results, the same grouping of S a (T 1 ), as it was used for the scalar IM, is employed, and the efficiency of including the Ψ 1,n as the second element of vector IM is separately assessed for each group. As a reminder, the groups of S a (T 1 ) levels are (1) 0-0.2 g, (2) 0.2-0.4 g, (3) 0.4-0.6 g, and (4) more than 0.6 g. e dispersion values are computed considering the vector IM � <S a (T 1 ), Ψ 1,n > for each group; the fractional reductions in dispersion are plotted for various EDPs in Figure 8 . Also shown is T 1 -T 5 range of the dam-reservoir system. As it is observed, by limiting the computation in particular ranges of S a (T 1 ), much higher reduction in dispersion may be obtained. For 0.0 < S a (T 1 ) < 0.2 g, since the dam stays linear or very slightly nonlinear, the reduction of dispersion is considerable just for EDP � Δ c , where the optimal T n is 0.22 sec, which is the fifth-mode period of the dam-reservoir system, with approximately 15% reduction.
is vector IM is comparable to the modal analysis method of estimating linear response which uses the spectral accelerations at the first and fifth modes of the system. If 0.2 g < S a (T 1 ) < 0.4 g, then the most reduction occurs for DI neck , with a significant value of 53% which corresponds to reduction of number of records by a scale of 4.5 (through (15)); however, the number of records in this range of S a (T 1 ) which causes nonzero DI neck is just 10 records (Table 3) . So, the conclusion may not be very reliable. For the other EDPs, the reduction is at most below 7%. Within the third range, that is, 0.4 g < S a (T 1 ) < 0.6 g, the optimal T n is located at 0.4 sec, a little more than T 1 , for all EDPs. In this range, most of the records cause some level of nonlinear behavior in the dam body. e highest reduction belongs to DI neck with the value of 39% which leads to 63% reduction in the number of records to obtain the same estimation accuracy when the vector-valued IM is used. For the other EDPs, if T n varies between 0.4 sec and 0.52 sec, the reduction in dispersion is at least 40% of the reduction seen at the optimal T n . When 0.6 < S a (T 1 ), most of the records experience very large levels of nonlinearity, and the optimal T n is located in a range higher than that was obtained for the third level.
e maximum fractional reductions are 48%, 38%, 19%, and 15% for E D , DI base , Δ c , and DI neck , respectively. Also the comparable reduction in dispersion can be obtained at a larger range of T n as compared with other S a (T 1 ) groups. e dependence of T n on the level of nonlinearity has been previously recognized for other structure types [7, 31, 32] . e increase in T n with increasing level of nonlinearity has been explained by the idea of an equivalent linear system in [7] .
From the above explanations, it is concluded that if S a (T 1 ) is low enough that few or no records cause nonlinearity, then the optimal second period T n would be the fifth-mode period of the gravity dam-reservoir coupled system, and if S a (T 1 ) is large enough that most records cause nonlinear responses, then the optimal T n would be larger than T 1 . Since the optimal second IM is dependent on the level of shaking or S a (T 1 ) value, using vector-valued IM in a fully probabilistic analysis would be more complicated, as it is required to switch IMs when integrating hazards from low to high levels.
Seismic Fragility Curves
After investigating the efficiency of IM-EDP pairs considering both single-and vector-valued IMs, the fragility functions can be computed from (12) and (13) incorporating estimates of zero and nonzero response values at various IM levels. e actual distribution of zero response values for DI base in terms of S a (T 1 ) along with the fitted cumulative standard normal distribution and the probability distribution of ZR values obtained from (11) are shown in Figure 9 .
e fragility curves of DI base ≥ 0.1, which corresponds to more than 10% base cracking, in terms of scalar IM � S a (T 1 ) are shown in Figure 10 with and without considering zero response (ZR) values. It should be noted that 16 records do not cause base cracking at all (Table 3) . Because the probability of ZR values becomes actually zero for S a (T 1 ) > 0.2 g as observed in Figure 9 , the two curves in Figure 10 are very close to each other.
As another illustration, the seismic fragility curves are generated using scalar IMs � S a (T 1 ) and PGA and vector IM � <S a (T 1 ), PGA>.
ey are depicted in Figures 11(a) -11(c) to predict Δ c ≥ 3 cm, DI base ≥ 0.1, and DI neck ≥ 0.01, respectively. e considered thresholds are subjective, and their exact definition is beyond the scope of this study; however, they are selected to illustratively compare the fragility curves. ese fragility curves are with ZR values.
ere is not a large difference between the curves of the vector IM and one from scalar IM � S a (T 1 ), because as it was observed, considering PGA as an additional element does not essentially affect the IM-EDP relation. e ultimate goal is calculating the mean annual frequency of exceeding an EDP level from (1) and (2) . e reduction in variability is a good criterion to use the vector IMs for accurate calculation. However, this calculation using the vector IMs requires knowledge of vector ground motion hazard which is beyond the scope of this paper. Such hazard analysis is available [25, 47] but not yet in widespread use in engineering practice [7] .
Conclusions
Application of vector-valued intensity measures for predicting the seismic demand in gravity dams was studied by numerical analysis of Folsom gravity dam-reservoir coupled system under a set of two-hundred actual ground motions.
e efficiency of the defined IMs was examined through dispersion of IM-EDP pairs. Considering different wellestablished scalar IMs showed that the strong motion duration produces very high dispersion values, but S a (T 1 ) has the lowest dispersion when it is considered with various EDPs. It was found that categorizing S a (T 1 ) in specific levels could result in lower dispersion and higher accuracy of the prediction model.
Direct combination of the scalar IMs to produce twoparameter vector IMs showed that relative efficiency of the elements of the vector IM is a key point in their effects on the regression analysis. is type of vector IMs partly decrease the dispersion and increase the efficiency of the prediction model as compared to that obtained from more efficient components of the vector IM. Considering a specific class of vector IMs composed of spectral acceleration at the first-mode natural period of the dam-reservoir system along with a measure of spectral shape (the ratio of spectral acceleration at a second period to the first-mode spectral acceleration value), it was found that lower dispersion values with respect to the most-efficient scalar IM, that is, S a (T 1 ), can be obtained. e optimal second period is different for various EDPs, but it is located near the range of the first to fifth natural period of the system. It was observed that by limiting the computation in particular ranges of S a (T 1 ), much higher reduction in dispersion may be obtained; however, the optimal second period is dependent on the level of nonlinearity. If S a (T 1 ) is low enough that few or no records cause nonlinearity, then the optimal second period would be the fifth-mode period of the gravity damreservoir coupled system, and if S a (T 1 ) is large enough that most records cause nonlinear responses, then the optimal second period would be larger than T 1 . Finally, the probabilistic seismic performance of the dam was investigated by calculating its fragility curves employing scalar and vector IMs incorporating estimates of zero and nonzero response values.
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